
of rate constants in Alzheimer's disease derives from histolog
ical and biochemical findings. The characteristic amyloid dep
osition in and around the cerebral blood vessels in Alzheimer's
disease patients (9), including endothelium and arterioles (10),
accompanied with thickening of the capillary basement mem
brane (11) may lead to a diminished glucose transport (K1)
across the BBB. In biopsies of Alzheimer's disease patients,
measurement of the hexose transporter protein is decreased
markedly in the microvessels ofthe cerebral cortex compared to
normal brain (12). Previous dynamic FDG-PET studies yielded
inconclusive results in attempting to examine the initial steps of
glucose metabolism by estimating individual kinetic rate con
stants. For example, , Friedland et al. (13) were unable to show
significant alterations in rate constant estimates in an Alzhei
mer's disease brain. Later, Jagust et al. (14) found significant
reductions of K1 in the frontal and temporal cortex without
significant changes in other rate constants.

Evidence for phosphorylation deficiencies is also limited.
Sorbi et al. (15) found decreased hexokinase activity in skin
cultured fibroblasts and leukocytes of Alzheimer's disease
patients, but the relationship to cerebral hexokinase activity is
uncertain. Measurement of the hexokinase activity in postmor
tern brain tissue showed a marked decline in Alzheirner's
disease compared to age-matched controls (16). These data,
however, require careful interpretation because enzyme activity
is particularly sensitive to postmortem changes and tissue
freezing (17,18).

We can interpret the continued coupling of cerebral blood
flow (CBF) and glucose metabolism in Alzheimer's disease
(19) assuggestingthatwe shouldexpectbothtransportand
phosphorylation to be abnormal in Alzheimer's patients. This
prediction sterns from the following:

1. A decrease in cerebral blood flow should cause a similar
or smaller decrease in K1, since K1 equals flow multiplied
by the single-pass extraction fraction E0 (which may
increase when flow decreases), but does not cause a
decrease in the estimate of k3.

2. A decrease in the number of glucose transporters will
cause a decrease only in K1, not in k3.

3. A decreasein the numberofneurons due to tissueatrophy
should also cause a change only in the estimate of K1, not
in k3.

4. Examination of the formula for calculating the metabolic
rate ofglucose (Eq. 1) reveals that a reduction ofK1 alone
results in a considerably smaller reduction of CMRglu (see
Discussion).

Therefore, the coupling of CBF and metabolism in Alzheimer's
disease is not likely to be explained by a simple decrease in K1,
which in turn does not cause metabolic rate to be reduced by the
same extent. Thus, it is reasonable to expect that k3 will be

Using dynamic [â€˜8F]fluorodeoxyglucose(FOG)and PET,kinetic rate
constants that describe influx (K1)and efflux (k@Jof FOGas well as
phosphorylation(Ic,@Jand dephosphorylation(kg)were determined in
patients with probable Alzheimer's disease and similatiy aged nor
mal controls. Methods: The regional cerebral metabolic rate for
glucose (CMR91u)was calculated from indMduaity fitted rate con
stants in frontal, temporal, parietal and occipital cerebral cortex,
caudatenucleus,putamen,thalamusand cerebellarcortex. Dy
namic PETscans were obtained in normal controls (n = 10, mean
age= 67)andAlzheimer'sdiseasepatients(n= 8,meanage= 67)
for 60 mm followinginjectionof 10 mCi of FDG.Results The
@Jzhelmer'sdisease group was characterized by decreases of the

CMRg1uranging from 13.3% in the frontal to 40.9% in the parietal
cortex, which achieved significance in all regions except the thala
mus. K1 was significantly reduced in the parietal (p < 0.01) and
temporal cortices (p < 0.05).Significantdeclines in k@were found in
the paiietal (p < 0.005), temporal and occipital cortex, and in the
putamen and cerebellum (p < 0.05).The rate constants k@and k4
were unchanged in the ,AJzheimer'sdisease group. Conclusion:
These data suggest that hypometabolism in Alzheimer'sdisease is
relatedto reducedglucose phosphorylationactMty as well as
diminished glucose transport, particularly in the most metabolically
affected areas of the brain, the panetaland temporal cortex.
Key Words: PET;Alzheimer'sdisease;kineticrateconstants;glu
cose metabolism; glucose transport; hexokinaseactivity
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Fuorine-l 8-fluorodeoxyglucose (FDG) has been used widely
with PET imaging to study glucose metabolism in Alzheimer's
disease. Many investigations have verified a reduced utilization
rate for glucose (CMRg1u)in the cerebral cortex, predominantly
in the posterior temporal and parietal regions (1â€”5).Progressive
dementia is accompanied by a further decrease ofthe CMRg1uin
affected regions (2,6, 7). In spite of these well-defined meta
bolic disturbances, questions remain about the underlying
mechanisms responsible for the altered glucose utilization.

Dynamic PET offers the ability to investigate the initial
metabolic steps of glucose metabolism. A three-compartmental
model (8) allows the estimation of glucose influx (K1) and
efflux (k2) across the blood-brain-barrier (BBB) as well as
calculation of the phosphorylation rate for FDG at the hexoki
nase step within the tissue compartment (k3). The hydrolysis of
FDG-6-phosphate back to FDG (k4) can be estimated by
scanning for I hr, although with relatively high uncertainty.

Although glucose metabolism in the brain has been investi
gated extensively with PET, the results have been ambiguous.
Similarly, our knowledge about glucose-rate constants in dif
ferent brain disorders is still limited. Evidence for the alteration
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decreased in Alzheimer's disease, as could be caused by damage to
the neurons, or more specifically to the synapses, instead of total
loss of the neuron, which as stated above, causes a change in the
estimate of K1.

We have undertaken this study to help clarify the issues related
to the mechanismsand effects of Alzheimer's disease.Dynamic
FDG-PETstudiesprovide informationdifferentiatingtransportand
phosphorylation processes and, in addition, are not based on the
use of population average rate constants obtained from healthy
young volunteers (20) as are the estimates of CMR@1@determined
from static FDG methods. We therefore evaluated whether alter
ation of glucose transport and/or phosphorylation rate constants
occur in Alzheimer's disease and whether the suspected alteration
of the rate constants affects the accuracy of the static measurement
of CMRg1uby comparing results from the kinetic approach with
those from two common static analytical methods (20,21 ) using
two different sets of standard rate constants.

MATERIALSAND METhODS

@ Pa@nts
We studied eight right-handed patients (5 men, 3 women; aged

59â€”74yr; mean age 66.8 Â±6.0 yr) with a clinical diagnosis
ranging from mild to severe Alzheimer's disease. All patients
fulfilled the NINCDS-ADRDA criteria for probable Alzheimer's
disease (22). Each patient suffered from a progressive cognitive

decline for at least I yr prior to the study and was not taking any
medication considered to have influence on glucose metabolism or
cerebral blood flow. Neuropsychological testing also was corn
pleted to confirm NINCDS-ADRDA criteria guidelines concerning
cognitive impairment. Excluded were all cases of cerebrovascular
disease, diabetes mellitus or hyperglycemia (glucose level > 125
mg/100 ml plasma during the scan), previous cranial traumata,
encephalitis, drug or alcohol abuse, mental retardation, family
history of neurologic or psychiatric illness or other dementing
disease. General medical and neurological examinations, including
several laboratory tests were performed specifically to exclude
thyroid diseases, vitamin B12 or folate deficiency. None of the
patients were taking any acute or chronic medications known to
affect glucose metabolism at the time of the scan.

Patients' cognitive impairments were graded by several neuro
psychological tests including: (a) Full Scale IQ (FSIQ; (23 )); (b)
Wechsler Memory Scale Memory Quotient (WMSMQ; (23)); (c)
Blessed Dementia Rating (BDR; (24)); (d) Mini-Mental State
Examination (MMS; (25)); and (e) Hamilton Depression Scale
(HD; (26)). Dementia was further rated by the Washington
University Clinical Dementia Rating (CDR; (27)).

Control Subjects
Ten right-handed normal volunteers (4 men, 6 women; aged

37â€”79yr; mean age s.d. 66.9 Â± 16.4 yr) were medically and
neurologically screened and given laboratory tests to verify appro
priate general and mental health status. None of the controls were
taking any acute or chronic medications at the time of the scan.
Informed consent was obtained from each subject or legal guard
ian. Ethical permission was obtained from the Institution Review
Board of the University of Michigan, Ann Arbor, MI.

Radiotracer
Fluorine-l8-FDG was prepared by direct nucleophilicexchange

on a quaternary 4-aminopyridium resin (28). Radiochemical pu
rity, as assessed by thin-layer chromatography, was uniformly
>97%. Radioactivity at injection-time was 10 Â±1 mCi for each
subject.

Scanning Procedure
Scanning was performed on a tomograph with a reconstructed

resolution of approximately 7 mm FWHM within planes and 7â€”8
mm FWHM axially. Each subject was examined in a fasting state
with eyes open, ears unplugged in a quiet and moderately lit room.
Subjects were placed in a comfortable supine position and re
strained across the forehead by a small band. None of the subjects
were sedated for the examination. A dynamic sequence of 15 PET
scans was performed on each of the subjects for 60 mm following
radiotracer administration according to the following protocol: 4 X
0.5 mm, 3 X 1 mm, 2 X 2.5 mm, 2 X 5 mm, 4 X 10 mm. The
scanned field of view covered 10 cm, starting 1.0 cm above the
canthomeatal line. Arterial blood samples were drawn from the
radial artery of the opposite forearm into heparmnized syringes as
rapidly as possible for the first 2 mm following injection of FDG
and then at progressively longer intervals throughout the remainder
of the study. Plasma was separated and the radioactivity was
counted in a Nal well counter. Arterial plasma glucose levels were
determinedby a standard enzymatic method averaged across three
plasma samples obtained throughout the scan. Subjects with
unstable glucose levels (maximumdifferencebetween samples: 25
mg/100 ml plasma) were excluded from the study.

Image Processing
Images were reconstructed by filtered backprojection using a

Shepp and Logan 0.35 filter and corrected for attenuation by a
standard ellipse method resulting in 128 X 128 pixel images for the
entire dynamic sequence (15 frames X 15 planes). Radioactive
fiducial markers were placed on the patient's scalp prior to the scan
and an automated motion correction routine was used to define the
bead locations on a single base frame (considered to be the
standard orientation) and then reorient all other frames to the base
frame (29). Radioactivities measured in tissue and plasma were
corrected for decay and adjusted for time shift between the brain
and radial artery.

Cerebral cortical regions of interest (ROIs) were drawn individ

ually according to a standard neuroanatomical and computerized
tomographic atlas (30) for the right and left frontal cortex, right
and left temporal cortex, right and left parietal cortex and a single
occipital region excluding the visual cortex. For the right and left
caudate, putamen, thalamus and cerebellar cortex, standardized
ROIs were placed in individually drawn ROIs by centering the
standard ROI to the maximum of the individual ROI.

Mathematical Model
In both groups, kinetic parameters were estimated from the

tissue and arterial plasma activity curves by a standard nonlinear
least-squares analysis using the Marquardt algorithm (31,32). A
standard three-compartmental, four-parameter tracer kinetic model
configuration (20) extending the original work of Sokoloff et al.
(8) wasused,but with theadditionof a vascularcompartment.In
all, five parameters were estimated from the 60-mm dynamic
sequence; the cerebral blood volume fraction (CBV), K1, k2, k3 and
k4. Parameters K1 and k2 described forward and backward tracer
transport across the BBB. Parameters k3 and k4 describe phosphor
ylation and dephosphorylation of FDG within the tissue compart
ments. Kinetic CMR@1@was calculated directly from the individu
ally fitted rate constants, using the averaged plasma glucose
concentration (Ce) and a LC of 0.52 (33) as follows:

C@ K1xk3
CMRg1u j@ X k2 + k3@ Eq. 1

To compare different static CMRg1umeasurement approaches
with the CMRg1uresults obtained from the individually fitted rate
constants, we calculated the static CMRg1ufrom a summed image
containing counts between 30 and 60 mm postinjection. Static
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Ageat studyAge atonsetPatient
no. (yr) Sex (yr) CDR MMS FSIQ WMS BOA HO

CDR= clinicaldementiarating,MMS= mini-mentalstateexamination;FSIQ= fullscalelQ;WMS= Wechslermemoryscalememoryquotient;BOA=
Blesseddementiarating;HO= Hamiltondepressionscale.

C@@ X k3@@
CMRglu j@ X k2@0@+ k3@@CF,

TABLE I
Clinical Data and NeuropsychologicalTest Results

160M551968567.51262M56115746910.58368F650.52393895.55466M53213756585559F540.5239080511672M671231019400773M6812082746.53874F69119967963Mean66.8â€”60.91.018.184.975.86.14.5s.d.6.0â€”7.00.55.311.912.53.03.6

CMRg1uwas then calculated with an LC of 0.52 with two differentStatisticalAnalysismethods
[U = UCLA method: (20), W = Wisconsin method:The reported averages represent the arithmetic mean ofboth(21

)] and two sets of standard rate constants [set 1: K1 = 0.084,hemispheres and the s.d. across subjects. Rate constantestimatesk2
0. 193, k3 = 0.096, k4 = 0.007 (from normals scannedand metabolic rates in all regions were compared by meansofpreviously

at the University of Michigan); set 2: K1 = 0. 102,one-way analysis of variance, including tests for homogeneityofk2
0.130,k3 = 0.062, k4 = 0.0068 (20)] resulting in 4 differentgroup variances using the Bartlett test. For equal groupvariancesstatic
approaches (Wi = Wisconsin method and rate constant set 1;(p 0.05), data were compared by the Tukey studentizedrangeW2

= Wisconsin method and rate constant set 2; Ui UCLAmethod. For differing group variances (p < 0.05), Student'st-testsmethod
and rate constant set 1; U2 = UCLA method and ratefor differences between groups with unequal varianceswereconstant
set 2). Both methods use a formula that is based on sets ofperformed based on the Behrens-Fisher t' distribution. Weusedstandard
or population average rate constants and a factor that

attempts to correct for the difference between the FDG concentra
tion predicted by the population average rate constants and thatstepwise

regression analysis to describe the accuracy of different
static approaches in predicting the dynamic estimate of CMRg1u
and also determined the correlation coefficients between thekineticmeasured

by the PET scanner, as given in Equation 2:and various static methods. All statistical tests were corrected for
multiple comparisons. Differences between groups were consid

Eq. 2ered significant when comparisons exceeded 95% confidence
limits (p < 0.05). All statistical tests were performed withthewhere

CF is the correction factor. The PET scan measures the totalSystat statistical softwarepackage.FDG
tissue concentration(C1)which equals the sum ofthe free(Ce)plus

phosphorylated (Cm) FDG concentrations (C1 = C@ + Cm).Ceand

Cmcan only be calculated assuming the rate constantsK1-k4RESULTSare
known. The UCLA method assumes that the best correction

factor for estimating an individual's regional metabolic rate is
given by the ratio of the individual's regional tracer concentration
in the phosphorylated compartment to that predicted by calcula
tions from the population average rate constants. Since only C can
be determined directly, Cm is be approximated by C â€”Ce.Thus,
CF takes the form:Patient

history and representative neuropsychological test
results are summarized in Table 1. Age at study, sex and plasma
glucose level were not significantly different between groups.
Alzheimer's disease subjects ranged from mild to severely
demented as expressed by the CDR (mean 1.0 Â±0.6) and MMS
(mean 17.7 Â±6.2). None of our patients reached the exclusion
criteria of a Hamilton depression score of 19 orgreater.(C)

â€”(C )CF = â€m̃eas@ C@ Eq. 3
â€˜ rn/popFigure

1 shows the static scan estimation of CMRg1ufrom
method Wi using the 30â€”60-mmdata for typical subjects of the
Alzheimer's disease and control groups. These imageswerewhere

(Ci)meas @5the measured PET value and (Ce)popand (Cm)popused to draw the ROIs and generally contained about3.0are
calculated from population average rate constants (20).million true coincidence events per directslice.The

Wisconsin method assumes that the best correction factor
for estimating an individual's regional metabolic rate is given byThe

result of a five-parameter model fit of the PET data
(K1-k4 and CBV) using the arterial input function is shownforthe

ratio of the individual's measured total tracer concentration to
that predicted by from calculations using the population average
rate constants.With this assumption, CF becomes:four

brain regions in Figure 2. Uncertainties of the parameter
estimates expressed by the percent coefficient of variation (%
COV = s.d./mean X 100) varied with the ROI size, variedwith(C)

CF = â€m̃eas , Eq. 4
(Ce)pop+ (Cm)@pthe

individual rate parameters, as well as varying between
groups. Uncertainties were generally higher in the small re
gions, such as basal ganglia, compared to the largercorticalwhere

(Ci)meas,(C@)@0@and (Cm)popare the same as in Eq. 3 (21 ).regions. Parameter K1 was the most stable rate constant inallEach
method works better under different conditions; in general,regions for both groups with a COV ranging from 13% to29%.the

UCLA method more accurately corrects for changes in k3,Uncertainties in k3 were higher, ranging from 26% to 56%.Thewhile
the Wisconsin method better accounts for changes in K1 andrate constants k2 and k4 showed the highest variabilitywithk2

(21 ).uncertainties up to 129% for k4. The kinetic CMRg1u estimates
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averaged over both hemispheres. In Alzheimer's disease pa
tients, kinetic CMRg1u was decreased in all brain regions
compared controls, which reached significance in all regions
except the thalamus, probably due to the higher interindividual
variability. Cortical reductions of the kinetic CMRgIu varied

between 13.3% in the frontal (p < 0.05) and 40.9% in the
parietal cortex (p < 0.001). Decreases in the kinetic CMRg1u in
the putamen (â€”25.5%,p < 0.001), caudate nucleus (â€”20.5%,
p < 0.05) and cerebellar cortex (â€”17.2%, p < 0.05) were
significant as well. The rate constant K1 was significantly
reduced in the parietal (p < 0.01) and temporal cortex (p <
0.05). The mean value of k3 was decreased in all regions, but
due to the high uncertainties in the parameter estimates, this was
significant only in the parietal cortex (p < 0.005), cerebellar,
occipital, temporal cortex and putamen (p < 0.05). The esti
mates for rate constants k2 and k4 were not significantly
different between the two groups in any region.

Kinetic measurement is considered to be more accurate than
static imaging in estimating the true CMRg1Ubecause individual
rate constants are taken into account (34,35). To investigate the
effects ofaltered glucose rate constants on the accuracy of static
FDG-PET, we compared the kinetic CMRg1uwith two static
methods each with two sets of rate constants (Table 2).
Generally, kinetic CMR8Iu was correlated highly with each of
the four static measures in the control subjects (correlation
coefficients between 0.84 and 0.97). In Alzheimer's disease
subjects, where rate constants are altered, we found lower
correlation coefficients between 0.59 and 0.89. The Wl ap
proach was the only method that was correlated significantly
with the kinetic CMR@1@in all regions with calculated correla
tion coefficients ranging from 0.74 (occipital cortex) to 0.85
(caudate nucleus). Taking the kinetic estimates as the true
values, static measures overestimated CMRg1uin most subjects.
CMRg1u in control subjects ranked as follows: kinetic CMRg1u
< W2 < Wl < U2 < Ul . In the Alzheimer's diseasegroup, in
whom regional CMRg1u is decreased, the estimates from the U2
approach were closer to the kinetic estimates of CMRg1udue to
the difference in correction factors (Eqs. 3, 4) used by the two
single-scan methods (21 ). When transport is less than the
population average value, CMRg1u @5underestimated when
using the UCLA method (21,36,37), which partially cancells
the overestimations seen in controls and in less affected regions
in Alzheimer's patients. In the cerebellar cortex, where kinetic
analysis was used to determine statistically significant de
creases in CMRglu, none of the static approaches yielded
significant differences between patients and controls. Using
stepwise regression analysis, however, none of the four combi
nations of static method and rate constant sets was found to
predict kinetic CMRgiumore accurately than any other combi
nation. In regions where significant differences were detected
between groups, the level of significance for the kinetic
measures was consistently higher than for any of the static
approaches.

DISCUSSION
Characteristic lesions for Alzheimer's disease are cortical

neurofibrillary tangles, senile plaques, vascular amyloid and
neuronal losses (38,39). Particularly, the degeneration involves
basal medial temporal limbic areas, the posterior cingulate
gyms and superior parietal lobule and is somewhat less marked
the inferior parietal lobule and inferior temporal gyrus (40). The
predominant posterior-temporal and parietal cortical glucose
hypometabolism matches the pathologically most affected re
gions. We observed a significant reduction of the kinetic
CMRg1u in all cortical regions and the basal ganglia. The highest
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FiGURE2.Characterletic&ne-coursesofdecay-correctedFOGconcentra
tioninplasma,frontalandparietalcortex,caudatenucleusandthalamusfor
a normalcontrolsubjectSolidlinesrepresentleast-squaresfitsto thedata
from a three-compartment,fotr-paarneter model.
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Alzheimer's Disease

Normal Control
FiGURE1. Glucosemetabolicrate images ina patientand controlsubject.
Static scan esfimationsof CMRQIUfrom method Wi using 30-60-mmdata
are shown.

showed lower variabilities, comparable to K1, with COVs
ranging between 11 and 30%.

Table 2 gives the mean rate constant estimates and s.d. and
the kinetic and static estimates of CMRg1u for eight brain
regions in Alzheimer's disease patients and control. Only small
differences in kinetic CMRg1u were observed between hemi
spheres. Therefore, all calculations were performed with data

*



Normalcontrols
Aegion Kineticparameter (n=10)MeanÂ±s.d.Alzheimer's

disease Normalcontrols
(n=8)MeanÂ±s.d. Staticmethod (n=10)MeanÂ±s.d.Alzheimer's

disease
(n=8)MeanÂ±s.d.Panetai

cortex

TABLE 2
Kinetic Rate Constant and CMR@IUEstimatesin PatientsCompared to Controls

Temporalcortex

Frontalcortex

Occipital cortex

Thalamus

Caudatenucleus

Putamen

Cerebellarcortex

K1
k2
k3
k4

CMAg1u0.093

Â±0.021
0.148 Â±0.060
0.179Â±0.073
0.01 7 Â±0.009
7.54 Â±1.710.067

Â±0.013@
0.109Â±0.037
0.070Â±0.028@
0.013Â±0.008
4.45 Â±1.16@Ui

U2
Wi
W28.77

Â±1.92
8.28Â±1.96
8.05Â±1.64
7.52Â±1.546.04

Â±1.3O@
5.35 Â±1.29@
5.78Â±1.20@
5.46 Â±1.07@K1

k2
lc@
k4

CMR@IU0.100

Â±0.018
0.166Â±0.059
0.183Â±0.067
0.013Â±0.008
7.99 Â±1.770.082

Â±0.017k
0.142Â±0.040
0.117Â±0.O48@
0.012Â±0.007
6.15Â±0.78Ui

U2
Wi
W29.35

Â±2.04
8.87Â±2.07
8.52Â±1.73
7.97Â±1.647.48

Â±0.86k
6.83Â±0.83
6.95Â±0.83W
6.59Â±0.75*K1

k2
k3
k4

CMAg1u0.099

Â±0.019
0.141Â±0.050
0.165Â±0.061
0.013 Â±0.007
8.10 Â±1.900.082

Â±0.017
0.142Â±0.040
0.117Â±0.048
0.012Â±0.007
6.16Â±O.88Ui

U2
Wi
W29.61

Â±2.34
9.17Â±2.38
8.78Â±2.00
8.20Â±1.877.48

Â±1.06
6.82Â±i.00
6.95Â±i.0O@
6.58Â±0.9i@K1

k2
k3
k4

CMR@IU0.090

Â±0.025
0.133Â±0.048
0.176Â±0.086
0.013Â±0.007
7.10 Â±1.530.080

Â±0.023
0.151Â±0.095
0.101Â±0.049k
0.010Â±0.007
5.38 Â±0.82Ui

U2
Wi
W28.25

Â±1.91
7.84 Â±1.56
7.69Â±1.50
7.19Â±1.406.67

Â±122*
6.13 Â±0.86W
6.28Â±1.11*
5.95Â±1.07K1

k2
k3
k4

CMI%,U0.131

Â±0.029
0.16Â±0.066

0.137Â±0.054
O.0i2Â±0.008
9.27Â±2.780.1

19Â±0.016
0.194Â±0.094
0.117Â±0.066
0.007Â±0.009
7.57Â±i .51Ui

U2
Wi
W21

1.48Â±3.52
11.15Â±3.42
iO.40Â±2.8i
9.75Â±2.669.76

Â±1.30
9.16Â±1.30
8.83Â±1.i8
8.36Â±i.05K1

k2
k3
k4

CMR.JIU0.ii9

Â±0.020
0.170Â±0.090
0.188Â±0.086
0.016Â±0.013
9.40 Â±2.02O.i06

Â±0.021
0.i76 Â±0.040
0.i24 Â±0.04i
0.012 Â±0.012
7.48Â±0.9Ui

U2
Wi
W2ii.39

Â±2.i8
iO.79Â±2.i7
iO.ii Â±i.83
9.50 Â±1.799.52

Â±i20*
8.81Â±i .2i*
8.63 Â±1.08
8.i8 Â±i.00K1

k2
k3
k4

CMF%IU0.i32

Â±0.03i
0.i6i Â±0.075
0.166Â±0.044
0.010Â±0.006
10.09 Â±2230.114

Â±0.025
0.i8i Â±0.064
0.ii5 Â±0.046k
0.006Â±0.006
7.5i Â±i.i9@Ui

U2

W2i2.23

Â±2.72
ii.84 Â±2.76
iO.95 Â±228
iO.25Â±2.i79.75

Â±i.09@
9.i5 Â±i.i0@
8.82Â±0.98*
8.35Â±0.89*K1

k2
k3
k4

CMRg1uO.i34

Â±0.024
O.i90Â±0.059
0.i22 Â±0.034
0.0i3 Â±0.007
7.98 Â±i .7i0.129

Â±0.027
0.204Â±0.072
0.088Â±0.032*
0.009Â±0.006
6.61Â±0.72*Ui

U2
Wi
W2920

Â±i.78
8.90Â±i.9i
8.54 Â±i .59
7.99 Â±1.508.45

Â±i.20
7.82 Â±i.i2
7.62Â±i .37
7.34 Â±i .04

*p < 0.05; p < 0.02; @p< 0.01; @p< 0.005; @p< 0.001
Also given are CMft,I,, estimatesfrom four static approaches.

reductions were observed in the parietal cortex (â€”40.9%, p <
0.001). Hypometabolism was accompanied by reductions of K1
and k3 in several cortical and subcortical regions. Friedland et
al. (13 ) studied 16 Alzheimer's disease patients with dynamic
FDG-PET compared to seven healthy controls. The scanning
protocol (limited to 45 mm total scan time), resolution restric
tions of the tomograph and arterialized venous blood sampling

may have contributed to their inability to detect significant
changes in rate constant estimates, although both K1 and k3
were slightly decreased in the Alzheimer's disease group.
Jagust et al. (14) found a significant decrease of K1 in the
frontal and temporal cortex of six Alzheimer's disease patients
compared to seven normal controls. High uncertainties of the
parameter estimates and the small subject number, however,
may have accounted for the lack of significance in the observed
reduction in k3.

We have used a dynamic FDG study to demonstrate de
creased forward glucose transport (K1) and phosphorylation
(k3) in the most affected brain regions of Alzheimer's disease
patients: the parietal and temporal cortices. In addition, k3 was
significantly decreased in the putamen, cerebellar and occipital
cortex. High intersubject variability contributed to the lack of
significance in other regions, although the regional group means
of the rate constants K1 and k3 across subjects were generally
decreased. The observed high uncertainties of parameter esti
mates are in the same range as reported for young (20,36) and
elderly (41,42) normal volunteers and do not differ substan
tially from those previously reported for Alzheimer's patients
(13,14).

Glucose enters the brain by a facilitated diffusion process
through glucose transporters (43). Two isoforms of the glucose
transporter, GLUT-i and GLUT-3, have been identified in the
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human brain. GLUT-l is primarily responsible for the transport
ofglucose across the BBB, whereas GLUT-3 probably controls
glucose transport into neurons (44). FDG-PET cannot deter
mine whether reduced glucose transport in Alzheimer's disease
is decreased at the BBB, between the BBB and neuron or at the
neuronal cell membrane itself. The perivascular deposition of
beta-amyloid combined with thickening of the capillary base
ment membrane, which are often seen in Alzheimer's disease,
might suggest BBB involvement (10, 11,45). Evidence for the
alteration of the glucose transport is derived from in vitro
studies of the glucose transporter protein in Alzheimer's dis
ease. Kalaria et al. (12) reported a marked decrease of the
hexose transporters in isolated brain microvessels and in mem
brane preparations of the frontal and temporal neocortex and
hippocampus in Alzheimer's disease, whereas no abnormalities
were noticed in the cerebellum and putamen. Harik (46)
suggested that the density of glucose transporters in brain
endothelium is downregulated probably as the result of a
lowered glucose demand rather than a direct result of the
hypometabolism observed in Alzheimer's disease.

Along with the reduced glucose transport (K1) in the parietal
and temporal cortex, we identified a significant decline of k3 in
Alzheimer's disease, which represents reduced phosphorylation
by the hexokinase enzyme within the tissue compartment. The
published results of hexokinase activity in Alzheimer's disease
from in vitro studies are controversial. Meier-Ruge et al. (47)
reported significantly lower enzyme activities for hexokinase
and phosphofructokinase in Alzheimer's disease autopsy homo
genates of the temporal lobe compared with age matched
controls. In contrast, Liguri et al. (48) reported increased
hexokinase activity in subcortical but not cortical structures of
autopsy samples in a few Alzheimer's disease patients. Marcus
et al. (49) combined in vitro determination of the hexokinase
activity in brain microvessel preparations and in vivo dynamic
[1â€˜C]deoxyglucose PET to address hexokinase activity in Alz
heimer's disease. They found a significant decrease in hexoki
nase activity in autopsied brain and a reduction of k3 in their
[I â€˜Cjdeoxyglucose tracer study. Since the hexokinase activity

is, under steady-state conditions, the rate limiting step for
glucose utilization to the brain (50â€”52), this would be of
considerably greater pathophysiological importance than a re
duction of glucose transport rate alone.

Tissue heterogeneity is known to cause alterations to rate
constants estimates. Schmidt et al. (53 ) concluded from simu
lation studies that dynamic FDG imaging with the four
parameter, three-compartment model artificially increases k4,
subsequently also k3, and to a lesser extent k2, when applied to
heterogeneous tissues in image sequences of less than 120 mm.
As a result, the use ofthis kinetic modeling approach was found
to overestimate CMRg1u in heterogeneous tissues. In fact, our
estimates for k4 and k3 are higher than those reported for normal
subjects when data were acquired over many hours (20) or a
previous set of normal subjects in our laboratory when a fixed
value ofO.007 min â€w̃as used for k4. Thus, our high values for
k3 and k4 likely are due to tissue heterogeneity. There is,
however, no obvious reason that the effects of tissue heteroge
neity were significantly greater in our control group than in our
patient group, which would be necessary to yield artificially
increased k3 values only in the control group. In addition, since
we did not find significant differences in k2 or k4 between
Alzheimer's disease patients and control subjects, we consider
it unlikely that effects oftissue heterogeneity are responsible for
the marked decreases in k3 observed in Alzheimer's patients.

Since we detected significant reductions in K1 and k3 rate
constants in several brain regions in Alzheimer's patients, we

evaluated the effect of diminished glucose rate constants on the
accuracy of static FDG-PET measurement by comparing the
kinetic CMRg1u with different variations of the static method as
described above (Wi, W2, Ui , U2). This evaluation was not
aimed at showing one method or set of population average rate
constants to be better than another but was performed to
investigate two issues: (a) whether data obtained from static
methods may yield artifactual results in patients with Alzhei
mer's disease that have different rate constant values than
normal controls and (b) whether results from static methods are
similar to, but merely less powerfully statistical, than those
from more complex dynamic analysis.

With the exception of the W2 approach, the other static
methods overestimated CMRg1urelative to the kinetic approach
by approximately l0%â€”20%. Overestimation of CMRg1u by
static measurement was also seen by Sasaki et al. (54) using
pixel-by-pixel analysis to determine regional rate constants in
young normal volunteers. This overestimation is likely due, in
part, to the use of population average rate constants that were
determined many years earlier from lower resolution scanners
but are now applied to scans from modern higher resolution
tomographs. Sasaki et al. (54) reported a correlation coefficient
of 0.9 for the kinetic CMRg1Uwith the U2 method in a single
region. In the control group, the correlations between the kinetic
and each different static approach were comparably high (r =
0.84â€”0.97 for all regions). In Alzheimer's disease subjects,
however, in whom rate constants were altered, correlations
between the dynamic and static methods were considerably
lower. Only the Wi approach was significantly correlated with
the kinetic CMRg1uin all regions. Because the observed values
for the kinetic rate constants in the Alzheimer's disease group
are closer to the population average values of rate constant set
2 (20) and because of the poorer performance of the Wisconsin
method to errors in the assumption of the value of k3, the U2
method may be expected to detect differences between these
two groups of subjects better than the other static methods. In
fact, after the kinetic approach, the U2 method did show the
highest level of significance in differentiating the metabolic
rates of the two groups (Table 2). Stepwise regression analysis,
however, showed none of the four static approaches was more
accurate than any other. These data suggest that because
changes in the glucose rate constants are accounted for, kinetic
measures have a higher sensitivity for discriminating altered
glucose metabolism in degenerative brain diseases than do
static measures, at least for the small sample sizes common in
the majority of PET studies.

To helpelucidatethe underlyingmechanismsin Alzheimer's
disease, it is necessary to examine the changes that various
effects ofthe disease would have on the estimated rate constants
and to compare these expected changes with the observed
measures. CBF and oxygen consumption in Alzheimer's dis
ease is decreased from approximately 20% in mild to moderate
dementia to 40% or more in severe dementia compared to age
matched control subjects (55). Regional CBF is decreased
approximately in the same range as the CMRg1u(56) and
remains coupled in Alzheimer's disease (19). Since K1 is the
product ofregional CBF and the single-pass capillary extraction
fraction, a decrease in flow will cause a decrease in K1 but
probably to a lesser degree since the extraction fraction will
likely undergo a concomitant increase. The effect of diminished
CBF on the rate constant k3 is less clear and may depend on the
cause of the flow deficit. As long as the reduction in CBF was
due to tissue loss, a reduction in capillary density, or a simple
decrease in flow through the existing capillary bed, then no
specific reduction in k3 would be expected. By using Equation
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1, a simple fixed reduction in flow (i.e., equivalent reductions in
both K1 and k2) is shown to result typically in a 50%â€”60%
smaller reduction in CMRg1u if the hexokinase activity (k3)
remains unchanged. The magnitude ofthe reduction depends on
the value ofthe term k3/[k2 + k3]. When using the standard rate
constants, the reduction in CMRg1u @564% and 66% smaller
than the reduction in flow for standard rate constant sets i and
2, respectively. If rate constants from the current study are used
instead, the reductions in CMRg1u are still 43% and 58% smaller
than the reduction in flow for controls and patients, respec
tively. Since CBF is typically decreased by 20%â€”40% in
patients, reductions in CMRgIu of only approximately lO%â€”
20% would be expected, and thus additional mechanisms
besides reduction of CBF are needed to explain the observed
deficits in CMRg1u.

The major determinantof glucosemetabolismin the brain is
synaptic activity (57). Terry et al. (58) reported that synapse
loss is the major correlate of cognitive decline in Alzheimer's
disease. Brain tissue atrophy, or more specifically neuronal cell
loss and reduced synaptic activity, lead to decreased values of
CMRg1u (59) and may also alter glucose rate constants. If brain
atrophy is uniform, leading to tissue degeneration of all cell
types (e.g., neurons and glial cells) and this lost tissue volume
is filled by CSF, only decreases in K1 would be observed, with
no influence on k2 or k3 as long as the remaining synapses are
functioning normally (60). This is seen by considering that
CMRg1u @5given by the product of the free tracer volume of
distribution (K1/[k2 + k3]) and the phosphorylation rate (k3).
This distribution volume or precursor pool volume is decreased
by the uniform tissue loss while the rate constant k3, reflecting
the proportion of FDG in this volume that undergoes phosphor
ylation per unit of time, remains unchanged. If the tissue loss is
not homogeneous but specific to the synapses as observed by
Terry (58), then the effects on the rate constants are less clear.
If the majority of glucose is used in the synapses, and if there
is synapse loss which does not alter glucose delivery to the
remaining tissue, without substantial atrophy of the neuron
bodies or glial cells, then one would expect a decline in the k3
rate constant, since the hexokinase activity per volume of tissue
would be decreased. This scenario is consistent with our PET
findings in Alzheimer's disease.

From Equation 1, we see that a given reduction in k3 also will
cause a smaller magnitude reduction in CMRgIu. Thus, if
synapse loss alone is the cause ofthe metabolic declines seen in
Alzheimer's disease, then the observed 2O%â€”4O%decreases in
CMR?lu require decreases of 30%â€”60% in k3. Deficits of this
magnitude were seen only in the most affected regions, sug
gesting that a combination of the factors described above best
explains the observed changes in CMRgIu.Thus, the coupling of
flow and metabolism in diseased regions of the brain in
Alzheimer's disease appears to require the existence of both
transport and chemical deficits.

CONCLUSION
We observed significant reductions in both K1 and k3 in

Alzheimer's patients compared to similar aged normal controls.
We suggest that the observed reductions in glucose transport
and phosphorylation in Alzheimer's disease are not just re
gional deficits found only in the most affected areas of the
brain, i.e., parietal and temporal cortex, but are part ofa general
decline observed, to different degrees, in all cortical and
subcortical regions throughout the entire brain. The decline in
regions that appear to be affected only later in the disease may
be masked by high interindividual variabilities and the small
number of subjects investigated. Therefore, the described alter

ations in glucose utilization pathway may be a more general
metabolic disturbance in degenerative brain disorders which are
not necessarily accompanied by major pathological findings
and merely are observed earliest in the most affected brain
regions. It remains unclear, whether the observed declines in
glucose transport and phosphorylation are primary deficiencies
in altered glucose metabolism or are more likely the expression
of functional downregulation in a neuronal network where
energy demands are globally and regionally reduced. In either
case, not a single, but a combination of several patho-mecha
nisms that contribute to the diminished rate of glucose utiliza
tion, including reduced CBF, deficiency of the glucose trans
porter, brain atrophy characterized by neuronal cell loss and
reduced synaptic activity, are required to fully explain the
hemodynamic and metabolic deficits observed in Alzheimer's
disease.
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